Abstract 27
Parafusin is a phosphoglucomutase (PGM) paralog that acts as a signaling scaffold 28 protein in calcium mediated exocytosis across many eukaryotes. In Toxoplasma gondii the 29 parafusin related protein 1 (PRP1) has been associated in indirect and heterologous 30 studies with the regulated exocytosis of the micronemes, which are required for successful 31 host cell invasion and egress. Here we directly assessed the role of PRP1 by deleting the 32 gene from the parasite. We observed a specific defect in microneme secretion in response 33 to high Ca 2+ fluxes, but not to phosphatidic acid fluxes controlling microneme release. We 34 observed no defect in constitutive microneme secretion which was sufficient to support 35 completion of the lytic cycle. Furthermore, deletion of the other PGM in Toxoplasma, 36 PGM2, as well as the double PRP1/PGM2 deletion resulted in a similar phenotype. This 37 suggests a functional interaction between these two genes. Strikingly, tachyzoites without 38 both paralogs are completely viable in vitro and during acute mice infections. This 39
indicates that PGM activity is neither required for glycolysis. In conclusion, the PRP1-40
Introduction 43
The apicomplexan parasite Toxoplasma gondii has infected 1 in every 3 humans 44 globally but most acute infections pass with mild or no symptoms (Montoya & Liesenfeld, 45 2004 ). However, severe disease occurs congenitally in pregnant women (Remington et al., 46 1995 ) and in immunocompromised patients (i.e. AIDS patients) where reactivation of a 47 chronic infection can result in life-threatening encephalitis or myocarditis (Weiss & Dubey, 48 2009). The clinical manifestation results from the active invasion, intracellular replication 49 and egress required by the lytic cycle. As such host cell invasion is a critical event in 50 pathogenesis (Blader et al., 2015) . Unlike some other intracellular pathogens, host cell 51 invasion by Toxoplasma is a parasite-directed event requiring parasite motility and 52 sequential secretion of three different secretory organelles (Baum et however the molecular mechanism underlying this control, especially the late events 56 facilitating exocytosis, is still incompletely understood. 57
The phosphoglucomutase (PGM) family comprises glycolytic enzymes that 58 interconvert glucose-1-phosphate and glucose-6-phosphate. However, a PGM ortholog 59 also known as parafusin or PFUS is present in many different organisms including ciliates, 60 yeast and humans that functions in Ca 2+ signaling (Levin et al., 1999, Andersen et al., 61 1994, Subramanian et al., 1994 , Satir et al., 1989 , Satir et al., 2015 . The Toxoplasma 62 genome encodes two PGM paralogs: PGM1 (TGME49_285980), also referred to as 63 parafusin-related protein 1 (PRP1), and PGM2 (TGME49_318580) (Imada et al., 2010) . In 64 the ciliate Paramecium PFUS has been associated with Ca 2+ -mediated exocytosis of its 65 dense core secretory vesicles (DCSVs) (Gilligan & Satir, 1982 , Plattner & Kissmehl, 2005 . 66
In Paramecium PFUS associates with the DCSVs acting as scaffold with a direct role in 67 membrane fusion (Zhao & Satir, 1998) . Furthermore, PFUS also has a role in DCSV 68 assembly in both Paramecium (Liu et al., 2011) and Tetrahymena (Chilcoat & Turkewitz, 69 1997) and is hypothesized to impact the local rather than systemic release of the matured 70 DCSVs (Plattner & Kissmehl, 2005) . In ciliates PFUS is dynamically phosphorylated in a 71 Ca 2+ -dependent fashion related to Ca 2+ -dependent DCSV exocytosis (Subramanian & 72 Satir, 1992 , Wyroba et al., 1995 , Satir et al., 1990 , Matthiesen et al., 2003 : in its 73 phosphorylated state PFUS associates with the vesicles closest to the plasma membrane, 74 priming them for secretion; however for actual membrane fusion to take place PFUS has 75 to be dephosphorylated through calcineurin (Plattner & Kissmehl, 2005) . More recently, 76 additional roles for PFUS have been uncovered as it was found to be associated with the 77 base of cilia and nucleus in ciliates as well as mammalian cells (Satir et al., 2015) whereas 78 in yeast PFUS has been associated with regulating Ca 2+ homeostasis (Fu et al., 2000) . 79
Germane to Toxoplasma, the ortholog PRP1 has been shown to localize to the most 80 apical micronemes, its phosphorylation status is Ca 2+ -dependent, and through 81 heterologous evaluation of PRP1 in Paramecium, an orthologous function in Ca 2+ -82 mediated microneme secretion has been proposed (Matthiesen et al., 2001 , Matthiesen et 83 al., 2003 . 84
Here we directly evaluated the role of PRP1 and PGM2 through gene deletions in 85
Toxoplasma. We show that both paralogs are required for microneme secretion in 86 response to high Ca 2+ spikes, which occur during host cell invasion and egress. 
PRP1 is conserved across the coccidia 97
To establish whether PRP1 has a universal role in exocytosis across the Apicomplexa we 98 first explored the conservation and phylogeny of PGMs in the Apicomplexan and their 99 closely related free-living relatives, the Chromerids. Both TgPGM1 and TgPGM2 were 100 compared to the validated PGM1/parafusins in ciliates and the crown eukaryotes (Fig 1) . 101
Consistent with the observation that PGM gene duplication occurred before the evolution 102 of the eukaryotic cell (Satir et al., 2015) , these results show that all PGM1 sequences 103 cluster together and are uniquely distinct from the PGM2 sequences. The conservation of 104 both PGM1 and PGM2 is very different for different apicomplexan sub-groups. Although 105
Toxoplasma and the other cyst-forming coccidia (Hammondia hammondi, Neospora 106 caninum, and Sarcocystis neurona) have both PGM1 and PGM2, the non-cyst forming 107 coccidia, i.e. Eimeria spp., only encode one PGM1 ortholog. In the genus Plasmodium, P. 108 falciparum only encodes PGM2 but not P. chabaudi and P. berghei contain both whereas 109
Cryptosporidium spp and the related Gregarina niphandrodes only encode PGM1; in fact, 110
Cr. parvum and Cr. muris encode two slightly different PGM1 isotypes encoded in tandem 111 in the genome. We did not find any annotated PGM in the genome of Theileria annulata. 112
On the other hand, both Chromerids (Chromera Velia and Vitrella brassicaformis) contain 113 both PGM1 and PGM2. The ciliates Paramecium tetraurelia and Tetrahymena thermophile 114 only contain PGM1. Overall, we interpret the data to mean that the common ancestor of 115 the Alveolata contained both PGM1 and PGM2. This is still seen in some extant lineages 116
like Toxoplasma, but in other lineages either one has been lost. Hence, since Toxoplasma 117 contains both isoforms, it is an ideal organism to study the contribution of these unique 118 glycolytic enzymes either to metabolism and/or Ca 2+ -dependent exocytosis. 119
120

PRP1 is not required for completion of the lytic cycle 121
The first question we addressed is whether PRP1 is essential. We generated a direct 122 PRP1-KO parasite line by replacing the PRP1 gene with an HXGPRT selectable marker 123 (Fig S1) . To validate the loss of protein expression we generated a specific polyclonal 124 antiserum against amino acids 446 to 637 in the C-terminal protein region of PRP1, which 125 is not shared with PGM2 (Fig 2A) . PRP1 is undetectable in the direct KO line (ΔPRP1). 126
This result immediately indicated that PRP1 is not required to complete the lytic cycle. 127
However, it is possible that the ΔPRP1 line has a growth disadvantage. We therefore 128 performed plaque assays and compared plaque number and size to the parent line (Fig  129   2B ). We observed similar plaque number for the parent and ΔPRP1 lines but a minor yet 130 significant fitness advantage for the parasites lacking PRP1, as determined by total area 131 of the plaques. Since PRP1 was first described for its involvement in microneme secretion 132 we tested two essential processes relying on microneme secretion: host cell egress and 133 invasion. We tested both the Ca 2+ -dependent and phosphatidic acid (PA)-dependent legs 134 underlying microneme secretion (Bullen et al., 2016) by titrating in A23187 Ca2+-135 ionophore and propranolol to activate diacylglycerol kinase 1 (DGK1) to raise the PA 136 concentration, respectively. With neither treatment did we observe a difference in egress 137 efficiency compared to the RHΔku80 parent line, suggesting that micronemes are 138 secreted sufficiently to support egress (Fig 2C) . We neither observed a difference in 139 invasion efficiencies, indicating that secretion of the rhoptries is also not affected by the 140 absence of PRP1 (Fig 2D) . We more directly monitored rhoptry secretion by detecting 141 phosphorylated STAT3 (P-STAT3) accumulating in in the nucleus of the infected host cell 142 as STAT3 is phosphorylated by the rhoptry protein ROP16 (Saeij et al., 2007 To assess whether the absence of PRP1 more subtly affected signaling events leading to 150 microneme secretion we used pharmacological triggers (secretagogues) acting on distinct 151 steps in the signal transduction pathway. The current understanding of the signaling 152 pathway is that protein kinase G (PKG) acts upstream of phosphoinositide phospholipase 153 C (PI-PLC), which subsequently results in the formation of inositol triphosphate (IP 3 ) and 154 diacylglycerol (DAG) (Lourido & Moreno, 2015) . Here the pathway bifurcates as IP 3 leads 155 to the release of Ca 2+ from the endoplasmic reticulum, which is relayed by calcium-156 dependent protein kinases (CDPKs), whereas DAG is converted to PA, which is directly 157 sensed by the micronemes to promote their secretion (Bullen et al., 2016 parasites clearly indicates the high specificity of our antiserum (Fig 2B) . To overcome this 217 fixation artefact we used low temperature 100% methanol fixation and observed 218 cytoplasmic localization of PRP1, both in intracellular and extracellular parasites (Fig 4A) . 219
Importantly, we did not observe any significant signal in ΔPRP1 parasites under these 220 conditions except for the background foci also evident with 4% PFA. Taken together, our 221 antiserum is specific for PRP1 but the epitope(s) it recognizes are not preserved upon 222 (Fig 5D) . Surprisingly, we observed no 232 co-localization with the micronemes under any condition tested. We further used this YFP 233 tagged PRP1 line to validate our αPRP1 antiserum upon methanol and PFA fixation 234 through co-staining with an αGFP antiserum recognizing YFP. Consolidating our 235 observations made in Fig 4, we observed a cytoplasmic PRP1 and GFP signal upon 236 methanol fixation, but upon PFA fixation we loose the cytoplasmic PRP1 signal, which 237 becomes spotty and does not overlay with the even GFP signal. Thus, PFA fixation indeed 238 destroys the PRP1 epitope(s) recognized by our antiserum. Furthermore, methanol 239 fixation disrupts the PRP1-YFP localization pattern observed in live parasites (Fig 5E) . 240
Since membrane associated proteins are notoriously challenging to fixate (e.g. (Hannah et 241 al., 1998)) we explored a variety of fixation conditions to test if the live localization could 242 be conserved (Fig S4) . Acetone fixation preserved the cortical signal to some extent, but 243 the rhoptry signal is not preserved under any of the tested conditions. Finally, we wanted 244 to ascertain that tagging the endogenous locus with YFP did not interfere with PRP1 245 function. Therefore we performed the microneme secretion assay on the gPRP1-YFP line 246 and compared it directly with the parent line (RHΔku80) and the ΔPRP1 line. We detect 247 secreted MIC2 in the YFP tagged line comparable to the parent line, which indicates that 248 PRP1 function is not impaired by the YFP tag (Fig 5F) . Overall, our data indicate that all 249 tested fixation conditions alter the PRP1 localization in the cell and that PFA destroys the 250 epitope(s) recognized by our antiserum. We conclude that endogenously tagged PRP1 is 251 functional and localizes to the IMC and rhoptries in intracellular parasites whereas the 252 rhoptry signal is diminished in extracellular parasites. When we stimulated extracellular 253 parasites with A23817 no further changes in localization were observed but we noted 254 extrusion of the conoid suggesting other Ca 2+ -mediated events are executed normally 255 (data not shown). 256
Since our live and fixed localizations both conflict with the previously reported 257 microneme localization we further corroborated the membranous localization in live 258 parasites by fractionating wild type parasites in membrane and cytosolic fractions by 259 differential centrifugation ( Fig 4B) . We used CDPK1 as a cytosolic marker (Pomel et al., 260 2008) and MIC2 antiserum to probe for micronemal protein. These data show that PRP1 is 261 present as both a soluble and membrane associated form but does not appear to co-262 fractionate with the micronemes (P1 in Fig 4B) . Thus the fractionation data are consistent 263 with the live microscopy observations of the endogenously YFP-tagged PRP1 protein. 264
265
PGM2 also functions in microneme secretion 266
To ensure that the phenotypic effects observed in the ΔPRP1 mutants are specific to 267 PRP1 deletion and not due to potential functional compensation by the PGM2 paralog we 268 also deleted this gene. We replaced the pgm2 locus with a drug resistance cassette 269 mediated by a CRISPR/Cas9 induced double strand break, both in parent (RHΔku80) and 270 ΔPRP1 parasites (Fig 6A-C) . Plaque assays showed that both the single (ΔPRP1 and 271
ΔPGM2) as well as the double (ΔPRP1ΔPGM2) knock out lines were viable and did not 272
show a dramatic change in plaque size or number (Fig 6D) . To specifically understand the 273 effect of deleting PGM2 and determine its role in microneme secretion, we performed 274 secretion assays similar to those with ΔPRP1 and the parental strain (Fig 6E) . Surprisingly, 275 both single deletion of PGM2 as well as double knockout of PRP1 and PGM2 276 demonstrated microneme secretion defects as observed upon absence of only the PRP1 277 gene: A23187 induced MIC2 secretion was either below or just at the detection limit in all 278 the three mutants whereas there was a modest reduction in ethanol induced secretion. As 279 for ΔPGM2, constitutive MIC2 release or release upon zaprinast and propranolol triggers 280 was unchanged and comparable to the parent line. Thus, our data suggest that both PRP1 281 and PGM2 act in the microneme secretion pathway, thereby eliminating putatively 282 compensatory functions between the two proteins. 283
The shared phenotype between the ΔPRP1 and ΔPGM2 suggest that PRP1 and 284 PGM2 interact functionally. Extending on this thought, they might associate with each 285 other. Proteins within the alpha-D-phosphohexomutase superfamily to which the PGMs 286 belong in general form dimers (e.g. Paramecium parafusin is a symmetric dimer: (Muller et 287 al., 2002) ), whereas there is an example of a heterodimer of allelic variants (Andreotti et 288 al., 2015) . As such we explored the possibility of PRP1/PGM2 heterodimers in 289
Toxoplasma tachyzoites. To this end we generated a parasite line expressing a tandem 290
Myc epitope fusion of PGM2 (Myc2-PGM2) and performed a co-immunoprecipitation with 291
Myc-recognizing 9E10 antibodies and probed with our PRP1 specific antiserum. We 292 readily pulled down the Myc2-PGM2 in this assay, however we were unable to detect 293 PRP1 in the same fraction (Fig 7) . These data suggest that PRP1 and PGM2 do not 294 physically interact with each other. 295
296
Neither PRP1 nor PGM2 are required for energy metabolism and acute virulence 297
Besides the effect on microneme secretion it came somewhat as a surprise that the PRP1 298 and PGM2 double KO strains were was viable, without an apparent effect on glycolysis 299 (Fig 6D) . Furthermore, a direct in vitro comparison of the enzymatic efficiency of both 300 paralogs indicated that PRP displayed a 4-fold greater enzymatic activity than PGM2 301 brucei (Bandini et al., 2012) . In addition, we showed that the PFUS-related PGM orthologs 310 vs. the exclusive PGM enzymes are not at all uniformly conserved across the 311 Apicomplexa (Fig 1) , which further supporting the notion that these proteins display 312 plasticity in these organisms. Therefore, we asked if loss of either one or both PGM 313 orthologs in Toxoplasma had an effect on metabolism by assessing the ATP level in the 314 knock-out mutants we generated. As shown in Fig 8A, Toxoplasma by deleting the gene from the parasite, which surprisingly resulted in a non-341 lethal phenotype both in vitro and in vivo (Fig 2, 8B) . We did, however identify a defect in 342 the release of micronemes triggered by elevated Ca 2+ concentrations. Interestingly, our 343 detailed analysis of the PRP1 deletion mutant revealed that the morphology of the 344 secretory organelles and cytoskeletal inner membrane complex appear normal in the 345 ΔPRP1 line (Fig 3D, 4A) . Furthermore, we demonstrated that invasion and egress 346 efficiency, which are both reliant on successful Ca 2+ -mediated exocytosis, are independent 347 of PRP1 (Fig 2C,D) . 348
Since PRP1 was hypothesized to play a role in microneme secretion we determined 349 the dynamics of in vitro microneme secretion under different conditions and stimulations. 350
Our work demonstrates for the first time that deletion of PRP1 only affects microneme 351 secretion bursts triggered by a high Ca 2+ concentration through stimulation with the Ca 2+ -352 ionophore A23187 (Fig 3A) . Titration of A23187 demonstrated that the loss of PRP1 353 completely disrupts the secretion boost in response to high Ca 2+ and is not lowering the 354 amplification of this high Ca 2+ secretion response by lowering the general sensitivity to 355 Ca 2+ (Fig 3B) . Overall, these data indicate that PRP1 is essential to translate a high Ca Through the use of a peptide antibody against PFUS, which cross-reacts with PRP1, 407 the latter was reported to localize to the most apical micronemes from which it releases in 408 a phosphorylation state dependent fashion upon secretion (Matthiesen et al., 2001) . In this 409 model, PRP1 prevents simultaneous secretion of all micronemes in a parasite, which 410 would be detrimental as a dosed release of micronemes is required to support prolonged 411 gliding for crossing biological barriers while reserving micronemes needed for successful 412 host cell invasion. However, the observed secretion dynamics of the PRP1 deletion 413 mutant are inconsistent with this model. Moreover, our localization data also conflict with 414 these previous results as the endogenously fused YFP associates with the IMC and 415 rhoptries (Fig 5) . Although highly specific in western blots, unfortunately our PRP1 416 antiserum was incompatible with IFA fixation methods, thereby restraining us from 417 performing the same experiments (Fig 2, 4B, 7) . Membrane associated proteins are 418 notoriously challenging to localize sub-cellularly due to fixation artefacts (Hannah et al., 419 1998) which is mirrored by our experience. However, we were able to confirm that PRP1 420 is present in soluble and membrane associated forms in extracellular parasites, which is 421 consistent with the previously presented model (Liu et al., 2009 ). In our opinion, the YFP-422 fusion data are the best reflection of the natural PRP1 localization, however, how the IMC 423 and rhoptry localization of PRP1 relate to its role in microneme secretion is presently 424 unclear. 425
To ensure that the phenotypic effects observed in the ΔPRP1 mutants are specific to 426 PRP1 deletion and not due to potential functional compensation by the PGM2 paralog we 427 also removed this gene and even made a double knock out mutant (Fig 6) to the other PGM expressed in Toxoplasma. This observation might explain why the 432 conservation of either ortholog in the various Apicomplexa is a mishmash (Fig 1) as either 433 ortholog could function in Ca 2+ -dependent secretion. However, that individual gene 434 deletions in Toxoplasma resulted in the same phenotype suggests a functional interaction 435 between PRP1 and PGM2, which suggest a likely selective evolutionary pressure on 436 preserving both. By co-IP we did not detect a physical interaction (Fig 7) . Alternatively, the 437 interaction might be transient upon high Ca 2+ , which is much harder to capture. 438
In addition, our data show that Toxoplasma tachyzoites can survive without dedicated 439 phosphoglucomutase. Since PGMs function in glycolysis this absence was expected to 440 affect energy production, however we did not detect a change in ATP level in parasites 441 without PGM (Fig 8A) Hamamatsu C4742-95 CCD camera was used to collect images, which were deconvolved 532 and adjusted for phase contrast using Volocity software (Improvision/Perkin Elmer). 533
For testing the different fixatives and the fixation conditions for PRP1 localization, 534 100% acetone; 4% paraformaldehyde (PFA); 100% methanol and 2.5% formaldehyde and 535 0.05% glutaraldehyde at -20ºC, 4ºC or room temperature were tested. 536 537
Generation of specific PRP1 antiserum 538
To generate N-terminal His 6 tagged fusion protein, 580 bp from the cDNA of PRP1 539 (corresponding to amino acids: 446 to 637 in the C-terminal region of the protein) were 540 PCR amplified using the primers aPRP1-LIC-F/R and cloned into the pAVA0421 plasmid 541 using LIC (Alexandrov et al., 2004) . The fusion protein was expressed in BL21 Escherichia 542 coli using 1 mM IPTG for overnight at 37°C and purified under denaturing condition over 543
Ni-NTA Agarose (Invitrogen). Polyclonal antiserum was generated by immunization of 544 guinea pig (Covance, Denver, PA). 545
546
Western blotting 547
Following SDS PAGE, PVDF membrane blots were probed with mouse α-IMC1 (1:2,000, 548 kindly provided by Gary Ward, University of Vermont), guinea pig α-PRP1 (1:10,000), 549 mouse monoclonal α-GRA1 (1:20,000), or CDPK1 nanobody (1 µg/ml, a kind gift of Dr. 550 Sebastian Lourido, Whitehead Institute (Ingram et al., 2015) ) followed by probing with 551 horse radish peroxidase (HRP)-conjugated α-mouse (1:10,000), α-guinea-pig antibody 552
(1:3,000, Santa-Cruz Biotech), or in case of the nanobody, α-penta-His antibody 553
(1:10,000; Qiagen) and detection of signal by chemiluminescent HRP substrate (Millipore). 554
555
Fractionation 556 Sub-cellular fractionation was performed as described previously (Dubey et al., 2016) . 557
Essentially, extracellular parasites were lysed by 5 min freezing of the pellet in liquid 558 nitrogen and resuspension at 37°C in hypotonic buffer (10 mM Tris pH 7.8 and 5 mM 559 NaCl) followed by additional lyses by 40 douncer strokes. The lysate was centrifuged at 560 low speed (1000g for 15 min). The pellet was resuspended in an equal volume of 561 resuspension buffer (100 mM Tris pH 7.8 and 150 mM NaCl) and centrifuged at high 562 speed (100,000g for 60 min). For SDS PAGE pellets were resuspended in an equal 563 volume of SDS-PAGE loading buffer and corresponding amounts analyzed by western 564 blotting. 565
566
Plaque assay 567 T12.5 culture flasks or 6-well plates confluent with HFF cells were inoculated with 100 568 parasites of choice and grown for 7 days. Following incubation, the monolayer was fixed 569 with 100% ethanol for 10 min and stained with crystal violet (Roos et al., 1994) . Plaque 570 sizes were quantitated using ImageJ-win32 software (Abramoff, 2004) . 571
572
Microneme secretion assay 573
Microneme secretion assays using the MIC2 was performed as published (Carruthers & 574 Sibley, 1999) . Briefly, freshly lysed parasites were pelleted, washed and resuspended to 575 2x10 8 /ml parasites in DMEM/FBS (DMEM containing 20 mM HEPES, pH 7.0 and 3% (w/v) 576 FBS). 2x10 7 parasites were added to each well of a 96-well plate and secretion was 577 induced by the following secretagogues: 1.25 µM A23187, 0.25%(v/v) ethanol, 500 µM 578 zaprinast, 500 µM propranolol or DMSO control for five minutes at 37°C, unless 579 concentrations are specifically indicated otherwise. For constitutive microneme secretion, 580
we incubated parasites at 37°C for 60 minutes in absence of secretagogue. Microneme 581 secretion was assessed in the supernatant with mouse monoclonal α-MIC2 6D10 582
(1:8,000). Ca 2+ -independent constitutive secretion of the dense granules was determined 583 using mouse monoclonal α-GRA1 (1:20,000) or rabbit α-GRA2 antiserum (1:10,000). 584
585
Invasion assay 586
The red-green invasion assay was performed as previously published (Farrell et al., 2012 , 587 Kafsack et al., 2004) with modifications. 2.5-3x10 5 tachyzoites were added to host cells 588 grown in 96-well black/optical bottom plates, centrifuged (500 rpm, three minutes, RT) and 589 allowed to invade for one hour at 37°C. Non-invading extracellular parasites were detected 590 using A594 conjugated α-SAG1/P30-T41E5 antibodies (1:500; kindly provided by Dr. Jean 591
François Dubremetz, University of Montpellier, France (Couvreur et al., 1988) ) or α-SAG1 592 MAb DG52 (kindly provided by Dr. Jeroen Saeij, Massachusetts Institute of Technology 593 (Burg et al., 1988) ). Following 16% formaldehyde/8% glutaraldehyde fixation and 594 permeabilization using 0.25% Triton X-100, the parasites with incubated with A488 595 conjugated α-SAG1/P30 antibody to visualize both invaded and non-invaded parasites. 596
The antibody incubations were each followed by three washes with HH buffer (Hank's 597
Balanced Salt Solution containing 1 mM HEPES, pH 7.0). Cytochalasin D treated wild type 598 parasites were used as negative control. Images were taken using EVOS® FL Cell 599
Imaging System (Life Technologies). 600
601
Egress assay 602
Egress assay was performed as described previously (Farrell et 
ATP concentration measurement 611
The CellTiter-Glo Luminescent Cell Viability Assay (Promega; Madison, WI) was used 612 following the manufacturer's protocol. Intracellular parasites grown for 18 hrs were 613 harvested and resuspended in phenol red free ED1 medium to 10 7 parasites/ml. 100 µl of 614 parasites were added to a 96 well plate and equilibrated and an equal volume of CellTiter-615
Glo reagent was added. The plate was shaken for 2 min to allow cell lysis and then 616 incubated at room temperature for 30 min prior to luminescence reading on an M5 plate 617 reader (Molecular Dynamics) set at an integration time of 500 ms. An ATP (disodium salt) 618 dilution series was used to generate a standard curve. 619 620
Co-immunoprecipitation 621
Co-immunoprecipitation basically followed published procedures (Suvorova et al., 2013) . 622
Briefly, extracellular parasite pellets were subjected to one freeze-thaw cycle and lysed in 623 lysis buffer (1xPBS, 0.25% NP40, 400 mM NaCl, 250 U/ml benzonase (Novagen), 624 mammalian protease inhibitor cocktail (Sigma)). Lysates were pre-cleared on ProteinG-625 magnetic beads (New England Biolabs) followed by Myc-tagged protein complex capture 626 on 9E10 monoclonal antibody conjugated magnetic beads (MBL). Beads were washed 627 with three times with lysis buffer and bound proteins eluted in Laemmli buffer. 628 629
In vivo mouse infection studies 630
Groups of three C57BL/6J mice with a weight between 18-20 g were infected 631
intraperitoneally with 1,000 tachyzoites of the RHΔku80, ΔPRP1 or ΔPRP1ΔPGM2 strains. 632
Following infection mice were monitored daily for posture, activity level and weight. 633 634
Sequence analysis and phylogeny 635
Phylogeny was performed using Geneious (Kearse et al., 2012) and unrooted trees were 636 plotted using the neighbor-joining algorithm. secretion, the tachyzoites were allowed to release the protein for one hour. Dense granule 751 protein GRA1 was used as control for microneme-and Ca 2+ -independent secretion. 752 Representative images of intracellular gPRP1-YFP parasites fixed using different fixative 1120 at different temperatures. Acetone: 100% acetone; pfa: 4% paraformaldehyde; methanol: 1121 100% methanol; form + glut: 2.5% formaldehyde and 0.05% glutaraldehyde. RT is room 1122 temperature.
